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Y ONTUMM3UPYSI a9PALIMOHHBIE CUCTEMBI ITyTEM 3aMEHBI IOPUCTBIX a3paTOpPOB CTAphIX TUIIOB HA
COBPEMEHHBIE AUCKOBBIE, MOXKHO JI0CTHYb CYIIECTBEHHON SKOHOMHHM 3JIEKTPOSHEPTMU HA OUU-
CTKY CTOYHBIX BOJl 0€3 3HAUMTENbHBIX KalIUTAIbHBIX 3aTPAT Ha PEKOHCTPYKLMIO JEHCTBYIOLIMX
OYMCTHBIX COOpY>KeHHH. 1Ipr 3TOM MOpUCTBIE aspaTopsl U3 MOPOIIKA TUTaHA, HECMOTPS Ha UX
BBICOKYIO CTOMMOCTb, UMEIOT PECYPC, Ha MOPSAAOK MPEBBIIAIOIINI PECYPC MOIMMEPHBIX adpa-
TOPOB, YTO TaKke OOECHEeYMBACT HSKOHOMHUIO 33 CYET COKpAIICHHS OOBEMOB CTPOUTEIIBHO-
MOHTaKHBIX PabOT, IPOCTOEB MPU PEMOHTE U 00CITYKUBaHUU a3POTEHKOB.
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AHAINN3 PE3YJIbTATOB MOAENIMPOBAHUA
HAMNPAXEHHO-AE®OPMUPOBAHHOIO COCTOAHUA
KOHLUEBOI'O NMNOJIYBATOHA CHEFrOYBOPO4YHOI'O NMOE3AA CM-2

K. B. Makcumuuk, H. B. Komaposcknii

Yupeoicoenue obpazosanus «benopycckuii cocyoapcmeennwiii
YHUgepcumem mparcnopmay, 2. I omens

IIposeden ananuz npouHOCMu KOHCMPYKYUU PAMbL KOHYEBO20 NOLYBACOHA CHE20YOOPOUHO20
noezoa CM-2. C ucnonvzosanuem npoepammuoco komniexca ANSYS Workbench svinonneno xo-
HeUHO-2IeMEHMHOe MOOEIUPOBAHIUE €20 HANPANCEHHO-0eDOPMUPOBAHHO20 COCMOSHUS NPU HOP-
MAMUBHBIX pedcumax Hazpyscenus. Tlonyuenvt cxemuvl pacnpedeienus HanpajceHuil, Komopbwie no-
KA3amu, Ymo MAKCUMAIbHble 3HAYEHUs IKeUeanenmuvlx no Muszecy nanpsidicenuti HaOI0OAIOMCS
6 MeCcmax coeouHeHuUst Xxpebmogoi OaIKu co WKBOPHe8OlU, a makice 8 bOK0BOU banKe 8 30He YCMa-
HOBKU 8bIOPOCHO20 KOHGeliepa. Pesyrbmamol sensiomcs 0cHOB80U 0711 paspabomru peKomMeHOayull
1O YCUNEHUIO KOHCMPYKYUU PAMbL KOHYEe8020 NOY8A2OHA CHe20ybopouno2o noezoa CM-2.

KurodeBble cjioBa: CHETOyOOPOYHBII 1MO€3]], KOHIIEBOM MMONTYyBaroH, METO KOHEYHBIX 3JIe-
MEHTOB, HOPMaTHUBHBIE PEKUMBI HATPYKEHUS1, HAPSHKEHHO-1e(hOPMHUPOBAaHHOE COCTOSIHHE.

ANALYSIS OF THE RESULTS OF STRESS-STRAIN STATE
MODELING OF THE END HALF-WAGON OF THE SM-2 SNOW
REMOVAL TRAIN

K. V. Maksimchyk, N. V. Komarovsky
Belarusian State University of Transport, Gomel

The strength of the end half-wagon frame structure of the SM-2 snow removal train was
analyzed. Using the ANSYS Workbench software package, finite element modeling of its stress-
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strain state under standard loading conditions was carried out. Stress distribution patterns were
obtained, which showed that the maximum equivalent von Mises stresses are observed at
the junctions of the spine beam with the pivot beam, as well as in the side beam in the ejector
conveyor installation. The results serve as the basis for developing recommendations to reinforce
the frame structure of the end half-wagon of the SM-2 snow removal train.

Keywords: snow removal train, end half-wagon, finite element method, standard loading
conditions, stress-strain state.

B coBpeMeHHBIX YCIOBHUSX AKCIUTyaTalldH KEJIe3HOJOPOKHOTO TPAHCIOpTa 0co0o0e
BHUMaHUE YAENSAIOT €ro HaJeKHOCTH U JN0JroBeyHocTH. CHEroyOOpOUHBIM moe3a, KOTo-
pBI MCTONB3YIOT B MPOCTPAHCTBE KEJIE3HOAOPOXKHOU Kojen 1520 MM, HE sBISETCS HC-
KioueHneM. B actHoctr, moe3n CM-2 urpaer BakHYIO pOjib B 0OecrieueHnu Oecrepe-
00IHOI pabOTHI KEIE3HOAOPOKHBIX MyTEH B 3MMHUIN TIEPUO/I.

Uccnenoanus [1, 2] moka3bIBaioT, 4TO OOJBIIMHCTBO MAIIMH JAHHON MOJIENU BhIpa-
0oTanu CBOIl HOPMATHUBHBIN pecypc, U €AMHOBPEMEHHOE OOHOBIIEHHE BCETO MapKa TEXHUKU
HEBO3MOXHO. [lo3TOMYy BO3HMKAeT HEOOXOAUMOCTb B BBIMOJIHEHUU MCCIEIOBAHUMN JJIS Oll-
pelieneHus: BO3MOXHOCTH MIPOAJICHHUS CPOKA MOJIE3HOTO UCIIONB30BAHMS €AMHUI] TEXHUKH.

Ananu3 myOnukanuii [3—5] yka3bIiBaeT Ha TO, YTO PE3yJIbTaThl KOMIIBIOTEPHOTO MO-
JIETUPOBAHMSI C JOCTATOYHOM TOYHOCTHIO OIHUCHIBAIOT HAIPsHKEHHO-Ie()OpPMHUpPOBAHHOE
COCTOSTHUE PA3IUYHbIX KOHCTPYKLIUNA U MOTYT CIIyKHTh TEOPETUUYECKOW OCHOBOM ISl MO-
JENUPOBAHMSI €IUHUI] MTOABMUYKHOTO COCTaBa cCHEroyoopouHoro noezna CM-2.

Mertoz KoHEeUHBIX r1eMeHTOB (nanee — MKD) sBisiercst oqauM 13 Hanbosee 3PeKTHB-
HBIX U IIMPOKO HCIIONB3YyEeMBIX METOJIOB aHAIHM3a HaNpsKEHHO-Ie(OPMUPOBAHHOTO COCTOSI-
HUS Pa3IMYHBIX KOHCTPYKIMH [6, 7]. DTOT METOA MO3BOJISIET paccMaTpyBaTh JIF000E coveTa-
HUE M BHJ SKCIUTyaTallMOHHBIX HArpy30K M T€M CaMbIM OLIEHHTh HECYIIYI0 CHOCOOHOCTH
paccmarpuBaeMoil KoHCTpykiu. [Ipu momomu MKD BeisBISIIOT Hanbosee OmacHbIe 30HBI
KOHCTPYKIIMU ¥ TPEJIaraloT BapHaHThl UX YCUJICHHUS, YTO CIOCOOCTBYET MOBBILIICHUIO Ha-
JEKHOCTU U IOJTOBEYHOCTH JKEJIE3HOJJOPOKHOTO MOABIKHOTO cocTana [8, 9].

I'eomeTpuueckasi U KOHEYHO-dJIEMEHTHasi MoJeJM. [eomerpuueckass MOJENb
[OJTyBaroHa paspaboTaHa Ha OCHOBE KOHCTPYKTOPCKOM JIOKyMEHTAllUU B CpeJie Iporpam-
Mbel CreoParametric. B pabote paccmarpuBaeTcsi cBapHash KOHCTPYKIHS, COCTOAIIAS U3
MIPOJIOJIBHBIX M TMOTMEPEYHBIX OAJIOK, CBSI3aHHBIX BEPTUKAIBHBIMH CTOMKAMHU M PACKOCAMH,
o0pa3ylonMMH KapKac MOJIyBaroHa, KOTOpbleé HECYT OCHOBHYIO HAarpysky OT pabodero
o0opy0oBaHUsI U COOCTBEHHOW Macchl. Ele B Mozenb BKIIOYEHBI AJIEMEHTHI KPETUICHHS
HAKOMUTENs, MUTATEIs] U BHIOPOCHOTO KOHBEWEPOB, a TaKXkKe Y3JIOB IIKBOPHEBBIX OalloK
Y YIIOPOB aBTOCILIETTHOTO YCTPONCTBA.

KoneuHno-anemeHTHast Mozelb KOHIIEBOTO IMOJyBaroHa CHEroyOOpOYHOro Moe3aa
CM-2 BrinoniHeHa B cpene nporpammuoro naketa ANSYS Workbench. Mogens Britouaer
353 TBepAOTENbHBIE I€TAIH, OTPAHUUYEHHBIE B TPEX MIOCKOCTSX, YTO CO3AAET MEXKIAY HUMHU
731 koHTakT. Marepuan neraned — CTajlb CO CIEAYIOIIMMH XapaKTEPUCTUKAMM: MOIYJIb
ynpyroctn E =210 I'Tla; kosddumuent ITyaccona v =0,3; miotHocTs p=7800 Kr/m.

[TapaMeTpbl CETKHM KOHEYHBIX JIEMEHTOB: XapaKTEPHBIH pa3Mep KOHEYHOTO 3JEeMEHTa —
50 MM; KOoMuecTBO y3510B — 1697091 ; uncio KOHEYHBIX 37IeMEeHTOB — 539719.

Pe3ysabTaThl MoempoBaHusi. B mpoiiecce paboThI MOTydeHbl CXeMbI pacipe/ere-
HUSI SKBUBAJICHTHBIX HAIpPsDKEHUH M nedopMalvii B METAUNIOKOHCTPYKIMM I10JIyBaroHa
B COOTBETCTBUU C HOPMAaTHBHBIMH pacueTHbIMU pesxkxuMamu 1o 'OCT 33211. Ocoboe BHU-
MaHME yJEJICHO O0JIACTSIM C MAaKCHMaJIbHBIMU 3HAYEHMSMHU SKBUBAJICHTHBIX HAIPSKEHUH
(cM. Tabauiy). OHU SBISIOTCSA Haubousee ysI3BUMBIMU U TPEOYIOT I€TAIbHOTO aHAIM3a JUIS
NPEJOTBPALICHHUS BO3MOXKHBIX TOBPEXKICHUH U OTKAa30B KOHCTPYKLIUH.
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MaxkcruMaibHble SKBUBaJIEHTHBIE 10 Mu3ecy HalpsbKeHUs HaOMIoAanuch B 00JacTu
COCJIMHEHUS IIKBOPHEBOM Oayiku ¢ XxpeOToBoil u cocraBmiu 493,72 MIla, npu nomyckae-
MBIX 3HAYCHHSAX NI 3alaHHoro Marepuaina — 250 MIla (pexxum, COOTBETCTBYIOMIUNA TOP-
MOKEHHIO M0€3/a, ABUTAIOLIErocs B KPUBOM y4acTKe MyTH). B HEKOTOPBIX TOUKAaX KOHCT-
PYKLIHH MPOSIBUIIMCH BCIUIECKH HANPSKEHMM, CBSI3aHHBIE C HECOBEPILIEHCTBOM I€OMETPUH
MoJieTi. B OCTalIbHBIX 00JIaCTAX KOHCTPYKIUU HAMPSHKCHUS HE TIPEBBICHIIH IOy CKAeMBIX
3HauYeHMH W cocTtaBwim He Oonee 160 MIla. MakcuManbHble HaNpsHKEHUST HAOTIOIAIOTCS
B XBOCTOBOW 4acTH KOHIICBOTO IMOJIyBAaroHa, 4To 0OyCIIaBIEHO HAIMYHMEM B 3TOH 00JacTH
BBIOPOCHOTO KOHBEHeEpa, KOTOPBIM JellaeT KOHCTPYKIIMIO paMbl MEHEe JKECTKOM MO CpaB-
HEHMIO C TOJIOBHOM YaCTBIO.

MakcumaJjibHble 0 Mu3ecy 3KBUBaJIEHTHbIE HANPSIKEHU ST
M0 PACYEeTHBIM pesKMMaM

MaxkcumajibHbIe 10 Mu3ecy 9KBHBATCHTHbIC HANPSZKEHHS
no pe:xkumam, MIla
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XpeOToBast 6anka
B 30HE KOHTaKTa
C IIKBOPHEBOI 326,24 | 380,06 | 378,97 | 330,78 | 471,69 | 493,72 | 284,58 | 313.,8

Bokoras Oajnka B 30He
YCTaHOBKH BEIOPOCHO-
ro KOHBelepa 206,65 | 380,14 | 212,22 | 198,26 | 332,58 | 372,95 | 163,36 | 227,69

B xozxe BbimosiHeHUst pabOTHI MPOBEJEH aHAJIN3 HaNpsKEHHO-Ie(POP-MUPOBAHHOTIO
COCTOSIHUSI METAJIJIOKOHCTPYKIIMU KOHLIEBOTO MOJTyBaroHa cHeroyoopouHoro noeszna CM-2
NOJl JEHCTBUEM NIPEIENBHBIX KCIUTyaTallMOHHBIX HAarpy30K. DKBHBAJIECHTHBIE 10 Musecy
HaNpsDKEHUS. B 30HE COEAMHEHHUs XpeOTOBOW OalKu CO IIKBOPHEBOW MPEBBIMIAIOT JOIYyC-
KaeMble 3HaueHus. Takke 3HAUUTEIbHbIE HANpPSDKEHUS HaOmonaroTcst B OOKOBOM Oanke
B paliloHE yCTaHOBKHM BbIOPOCHOTO KOHBelepa. Pe3ynbTaThl yKa3blBalOT HA HEOOXOAUMOCTh
YCTAaHOBKH JIOMOJHUTENIBHBIX YCHUJIMBAIOIIUX 3JEMEHTOB s obecredeHus TpeOyeMoil
IPOYHOCTH KOHCTPYKLMU. BBINONIHEHHOE MOJETMPOBAHUE TAKXKE MO3BOJISIET ONPEAEIUTH
ONTHMAJIbHOE IOJIOKEHUE TOYEK pa3MELICHMsI TEH30METPUYECKUX IATUYUKOB IPU MPOBE-
JIEHUH HATypPHBIX UCIIBITAHUH.
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SIMULATION OF PLATE BENDING VIBRATION PROBLEMS
BY THE MESHLESS BACKWARD SUBSTITUTION METHOD
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In this work the meshless backward substitution method is proposed for the first time to solve
the fourth-order plate bending vibration problems. The numerical solution consists of approxima-
tion from the boundary conditions and the revised basis functions which satisfying the homogene-
ous conditions with weighted parameters which are obtained from the governing equations by
the collocation method. Then the key issues are the organization of initial approximation and
the revised basis function derived from the traditional basis functions. To demonstrate the accuracy
and validity of the proposed method, several numerical examples are conducted and compared
with popular methods in literature. The obtained results from numerical experiments confirm
the potential of the proposed method in terms of both accuracy and efficiency.

Keywords: meshless method, plate bending vibration, radial basis function, backward sub-
stitution method.



